In the present work, certain biochemical characteristics of the enzyme 1-aminocyclopropane-1-carboxylate N-malonyltransferase (ACC N-MTase) which is responsible for the malonylation of 1-aminocyclopropane-1-carboxylate (ACC) in chickpea [Cicer arietinum) are described. Phosphate buffer was the most appropriate buffer with regard to enzyme stability and, therefore, ACC N-MTase was extracted, assayed and purified in the presence of this buffer. ACC N-MTase was partially purified approximately 900-fold from embryonic axes of chick-pea seeds using ammonium sulphate precipitation, hydrophobic interaction and molecular filtration chromatography. By gel filtration chromatography on Superose-12, the molecular mass of the enzyme was estimated to be 54 + 4 kDa. ACC N-MTase had an optimal pH and temperature of 7.5 and 40 °C, respectively, as well as a K m for ACC and malonyl-CoA of 400 fiM and 90 //M, respectively. D-Phenylalanine was a competitive inhibitor of ACC N-MTase with respect to ACC (K, of 720 fitA), whereas co-enzyme A was a competitive product inhibitor with respect to malonyl-CoA [K, of 300 //M) and a non-competitive inhibitor with respect to ACC (K, of 600 fiM). Under optimal assay conditions, ACC N-MTase was strongly inhibited by (a) divalent 
Introduction
The gaseous plant hormone ethylene is synthesized by means of transformation: methionine->S-adenosylmethionine -> I -aminocyclopropane-1 -carboxylic acid (ACC)-+ethylene (Yang and Hoffman, 1984) and participates in various phases of growth and development in plants (McKeon et ai, 1995; Picton et ai, 1995) , including the germination of certain seeds (Esashi, 1991; Mufioz de Rueda et ai, 1994) . The endogenous level of the immediate ethylene precursor ACC, is controlled, among other factors, by ACC-synthase and ACC-oxidase activities (Kende, 1993) . ACC can also be conjugated to l-(malonylamino) cyclopropane-1-carboxylic acid (MACC) (Hoffman et ai, 1982) or l-( y-L-glutamylamino) cyclopropane-1-carboxylic acid (GACC) to modulated ethylene biosynthesis by an unknown mechanism. MACC has been shown to be synthesized in the cytosol (Bouzayen et al., 1988) and then stored within the vacuole (Bouzayen et al., 1989; Pedreflo et al., 1991) . The malonylation of ACC is catalysed by a bi-substrate enzyme called ACC iV-malonyltransferase (ACC N-MTase) , which has recently been purified in mung bean hypocotyls (Guo et al., 1992 (Guo et al., , 1993 Benichou et al., 1995) and tomato fruit .
In the embryonic axis of chick-pea seeds (Cicer arietinum), the conjugation of ACC to MACC results in a decrease in ethylene production and thus on germination, since radicle emergence in this seed is completely dependent on the presence of this phytohormone (Gallardo et al., 1991 (Gallardo et al., , 1996 . In the present work, embryonic axes of chick-pea seeds germinated for 6 h have been used for the biochemical characterization and purification of ACC N-MTase. The in vitro pattern of ACC N-MTase activity in dry seeds and in embryonic axis during the first 48 h of germination under optimal germination conditions is also reported. At present, the implications of ACC N-MTase and GACC-forming activities in the germination of Cicer arietinum seeds and, more specifically, in the thermoinhibition are being studied as well as its relationship to the polyamine pathway.
Materials and methods

Plant material and seed germination
Seeds of C. arietinum L. cv. Castellana plants collected in 1994, were stored in darkness during 10-12 months at 4°C until used. The seeds, of a uniform size, were washed in sterile, double-distilled water and germinated in batches of 50 seeds at 25 °C for 24 h in plastic trays containing 175 ml of sterile distilled water. The percentage germination at this time was 95 ±3% (Gallardo et al., 1996) , based on radicle emergence as the definition of germination. The embryonic axes were aseptically removed at 6, 12, 18, and 24 h to study changes in ACC N-MTase during the germination period. All glassware was sterilized before use, and solutions were autoclaved or filtered and stored frozen. As required, the isolated embryonic axes were frozen and stored in liquid N 2 or at -80 °C (Mufloz de Rueda et al., 1995) .
ACC N-MTase extraction and partial punfication
The initial extraction procedure was modified from the method previously reported by Benichou et al. (1995) . All steps were carried out at 4°C. Embryonic axes (25 g FW) were ground to powder in a mortar and homogenized in two volumes (v/w) of extraction buffer (0.1 M K-phosphate, pH 8.0, 1% PVP, 4raM DTT, and 30 mM Na-ascorbate). The homogenate was centrifuged at 48 000 g for 20 min, and the clear supernatant (crude enzymatic extract) subjected to (NH 4 ) 2 SO 4 precipitation between 25-55% saturation. The supernatant was removed and a volume of buffer A [20 mM K-phosphate (pH 8.0), 1 mM DTT and 10% glycerol (v/v) ] was added and the pellet was gently resuspended. The ACC N-MTase activity was measured after desalting an aliquot on Sephadex G-25 (NAP-5, Pharmacia, Uppsala, Sweden) column. The extract obtained from 25-55% (NH 4 ) 2 SO 4 precipitation was adjusted to 1 M (NH 4 ) 2 SO 4 and loaded on to a phenyl-Sepharose CL-4B (Pharmacia) column (1.6 cm x 15 cm) equilibrated with buffer A containing 1 M (NH 4 ) 2 SO 4 . ACC N-MTase was eluted from the hydrophobic interaction column (Fig. 1A) with 1, 0.5 and 0 M (NH 4 ) 2 SO 4 in buffer A (fractions of 1 ml and rate of 1 ml min" 1 ). Fractions containing ACC N-MTase activity from phenyl-Sepharose were pooled, concentrated with Amicon YM-10 (43 mm) membranes and applied to a previously calibrated Superose-12 HR 10/30 FPLC (Pharmacia) column for molecular sieving (Fig. IB) . This column was equilibrated with buffer A containing 0.15 M KC1, and eluted with the same buffer at a flow rate of 0.3 ml min" 1 (fractions of 0.3 ml).
ACC N-MTase assay
ACC N-MTase activity was assayed according to the method of Liu et al. (1985) with minor modifications. The standard reaction mixture contained 0.1 M K-phosphate buffer (pH 8.0), 0.1 M KC1, 2mgml"' BSA, I mM malonyl-CoA, 1 mM ACC, and an appropiate amount of enzyme (nearly 1.5 mg, 120 /xg or 4 p.g of protein of crude extract and phenyl-Sepharose and Superose fractions, respectively) in a total volume of 200 /A The reaction mixture was incubated at 35 °C for 60 min and terminated by brief heating in a boiling-water bath. Unreacted ACC was absorbed on to a Dowex 50-WX8 column, and MACC was eluted with 0.5 ml water (Benichou et al., 1995) and quantified as described below. Control reactions without ACC were run and in all case no MACC was detected (data not shown). ACC N-MTase activity was linear with the incubation time and the protein concentration for up to 90 min and 3-4mgml~1, respectively (data not shown). One unit of ACC N-MTase activity was defined as the amount of enzyme catalysing the formation of 1 nmol MACC h" 1 at 35°C.
Quantification of MACC
MACC was extracted from 1 ml of an ACC N-MTase reaction by hydrolysing it to ACC with 6 M HO at 100°C for 3 h. The resulting solutions were neutralized with saturated NaOH in a total volume of 2 ml and clarified by centrifugation at 10000 g for 10 min. The difference in ACC content (Lizada and Yang, 1979) before and after HC1 hydrolysis, was determined to be the MACC content in the extract (Gallardo et al., 1991) . The efficiency of chemical conversion of ACC to ethylene after the addition of NaOCl (Lizada and Yang, 1979 ) was 90-95% as determined by using commercial ACC (Sigma-Aldrich Quimica SA, Spain).
Protein determination
Protein concentration was determined following the method of Bradford (1976) , using the Bio-Rad assay mixture (Bio-Rad Laboratories, Munich, FRG) and BSA (Sigma-Aldrich Quimica SA, Spain) as a standard. 'ACC N-MTase tested in the crude extract as described in the Materials and methods.
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Results and discussion
Changes in the ACC N-MTase activity during germination
Changes in ACC N-MTase activity during the first 48 h of germination in the embryonic axis are shown in Table 1 . The embryonic axis of chick-pea seeds is the organ which produces the greatest quantity of ethylene during germination (Gallardo et al., 1991) . In the present study an increase of 64% and 36% was found in the specific and total ACC N-MTase activity, respectively, during the first 6 h (Table 1) . After this short period of time, the enzyme activity fell sharply. It is worth noting that mature and dry chick-pea seeds had measurable in vitro ACC N-MTase activity (Table 1 ). This fact, as in the case of other proteins stored in dry seeds (Bewley and Black, 1994) , supports the idea that the ACC N-MTase gene was expressed during embryogenesis. In addition, it is possible that a percentage of ACC N-MTase stored in dry seed, after being activated during the hydration phase of the seeds, is involved in germination. Using transcription and translation inhibitors, this possibility can be explored and, in fact, both of these approaches are being undertaken at present. ACC N-MTase activity in seeds of overripe tomato fruit were only slightly increased with respect to those of green fruit; however, ACC N-MTase was not detected in seeds of very young green fruit . Recently, it has been demonstrated that the level of MACC in the embryonic axis increases concomitantly with the cold storage of chickpea seeds (Delgado and Matilla, 1994) . In view of the results of Table 1 , embryonic axes of chick-pea seeds, cold stored between 10 and 12 months and germinated for 6 h at 25 °C, were used for the following experiments.
Partial purification of ACC N-MTase
ACC N-MTase was partially purified from embryonic axes 6-h-old by ammonium-sulphate precipitation, phenyl Sepharose and Superose-12 chromatography (Table 2) . Approximately 30% of the soluble proteins were eliminated by precipitation with 25% ammonium sulphate. Although maximum activity was obtained in the protein fraction precipitated with ammonium sulphate (25-65% saturation) the precipitation was carried out at between 25% and 55%, since the purification factor attained was considerably greater (data not shown). Phenyl-Sepharose chromatography was used as the second step of ACC N-MTase purification. Eighty-one per cent and 7% of the loaded proteins were eluted with the equilibration buffer containing 1 M and 0.5 M ammonium sulphate, respectively; and the fractions containing ACC N-MTase activity were obtained in the absence of ammonium sulphate (Fig. 1A) . This purification step increased the specific activity 33-fold ( Table 2 ). The active fractions from phenyl-Sepharose were pooled, concentrated by ultrafiltration and loaded on to a Superose-12 HR molecular sieve chromatographic column (Fig. IB) . After this step, the purification factor increased 11-fold, implying an overall purification of the ACC N-MTase of approximately 890-fold, equivalent to 0.06% of the proteins of initial crude extract ( Table 2) .
The apparent molecular weight of the native ACC N-MTase determined by gel-filtration on Superose-12 HR was 54±4 kDa (Fig. 2) . If this molecular weight is confirmed with the purified enzyme and by SDS-PAGE, it would be different from that found by Benichou et al. (1995) and by , although similar to that found by Guo et al. (1992) .
Biochemical characteristics of ACC N-MTase
Before proceeding to the partial purification and biochemical characterization of ACC N-MTase, the conditions for extraction were optimized. All buffers tested (Table 3) retained 100% of their enzymatic activity after 24 h in storage. Enzyme in TRIS-HC1 buffer lost 50% of the initial activity between the second and third days, while the phosphate buffer retained nearly 70% of the ACC N-MTase activity after 7 d. Consequently, as in Benichou et al. (1995) , the phosphate buffer was used for the "After ammonium sulphate precipitation, the enzymatic extracts were stored at 4°C for the indicated times and then processed as described in the Materials and methods.
'Initial activity: 7.6 units of ACC N-MTase mg" 1 protein.
extraction of the enzyme as well as for the different purification steps. Reports of the behaviour of TRIS-HCI are variable in the literature. While in the presence of this buffer 70-80% of the ACC N-MTase activity was lost after 24 h of storage , in other reports the enzyme was extracted and purified with the same buffer (Matern et al., 1984; Sanderman et al., 1991; Guo et al., 1992; . In the present study, the ACC N-MTase showed a broad pH optimum at 35 °C, between 7.5 and 8.0, as determined by the use of 0.1 M TRIS-buffers with adjusted pH values of between 6 and 10 (Fig. 3A) . Sanderman et al. (1991) reported optimum pH values for the purified ACC N-MTase from cultured soybean cells from 6.3 to 7.2, whereas Benichou et al. (1995) found a value of 8.5 in etiolated hypocotyls of mung bean. The optimal pH values of Su et al. (1985) , Guo et al. (1992) and in mung bean hypocotyls and tomato fruit, respectively, were similar to ours.
Under optimal assay conditions (see Materials and methods), an optimal temperature for ACC N-MTase of between 40 and 45 °C was found (Fig. 3B) . Similar results were obtained by Amrhein et al. (1984) and Benichou et al. (1995) ; meanwhile, Guo et al. (1992) found the maximum at 50 °C. If the data obtained in vitro (Fig. 3B ) reflect what happens in vivo, then it could be ventured that in chick-pea seeds the ACC N-MTase is activated by the temperatures that induce thermoinhibition (30 and 35 °C), a percentage of the ACC being diverted towards MACC with a concomitant decline in the production of ethylene and the consequent inhibition of germination (Gallardo et al., 1991 .
Substrate specificity
The ACC N-MTase is a bi-substrate enzyme with Michaelis-Menten kinetics for the ACC and a deviation from these kinetics for concentrations of malonyl-CoA higher than 0.8 mM (data not shown). Similar results were previously reported by Kionka and Amrhein (1984) and Guo et al. (1993) . In this work, the A: m for the ACC was determined with malonyl-CoA concentrations of between 50 and 500 fjM, maintaining the ACC concentration fixed in each experiment (between 50 ^M and 1 mM).
The intersection with the y-axis (l/V mMX app ) for each ACC concentration is represented against the reverse of the ACC concentration, giving a K m for the ACC of 0.4 mM (Fig. 4A ). An analogous approach enabled the estimation of 90 ^M as a K m for malonyl-CoA (Fig. 4B) . Guo et al. (1992) and found a K m for the ACC and malonyl-CoA of 0.5 and 0.2 mM, respectively; meanwhile, Kionka and Amrhein (1984) and Su et al. (1985) found values of 0.17 and 0.25 mM, respectively. Benichou et al. (1995) reported K m values for ACC of 68 ^M and for malonyl CoA of 74 /iM, these being the lowest described in the literature. Guo et al. (1993) demonstrated that the ACC N-MTase and D-Phe N-MTase, purified to homogeneity, were the same enzyme of 55 kDa and that both activities were inhibited equally by other D-amino acids, though the affinity for D-Phe was 10-fold greater than for ACC. Nevertheless, showed that in tomato fruits these are two different enzymes, given that the enzymatic activity did not affect the r> or L-amino acids. In this case, the D-Phe considerably reduced the ACC N-MTase activity. The representation of doublereciprocal plots of ACC N-MTase activity against the ACC concentration, maintaining the malonyl-CoA concentration constant and with different D-Phe concentrations (Fig. 5) , reveals that the inhibition of ACC N-MTase by D-Phe is competitive with respect to the ACC substrate (apparent K, of 0.72 mM). Based on a series of chemical characteristics of ACC N-MTase from mung bean hypocotyls, Guo et al. (1993) proposed that this bi-substrate enzyme follows an ordered reaction pathway, with ACC substrate being bound before malonyl-CoA. ( Fig. 6) , with an apparent K { of 0.5 mM. Amrhein et al. (1984) and Kionka and Amrhein (1984) found a noncompetitive inhibition (AT, 0.3 mM); while Guo et al. (1993) and Benichou et al. (1995) mentioned that CoA behaved as a non-competitive (mixed type) and noncompetitive product inhibitor (K { 0.47 mM), respectively. It has been found that the CoA is a non-competitive inhibitory product with respect to the ACC, with an apparent K { of 0.6 mM (Fig. 7) .
The ACC N-MTase of chick-pea seeds were inhibited by the salts listed in Table 4 ; ZnCl 2 , CuCl 2 and HgCl 2 (0.5 mM) proved to be strong inhibitors, probably due Activities are given as percentages of control (K-phosphate buffer 0 1 M, pH 8.0, 2 mg ml" 1 BSA). Enzyme (120 ^g of protein) from the phenyl-Sepharose step was used.
to the bond of these divalent metals to the reduced sulphydryl group (s) of the enzyme, as proposed Su et al. (1985) . In this case, when the ACC N-MTase is assayed in the presence of different concentrations of PCMB and of mersalic acid, strong inhibitors of sulphydryl groups, the enzymatic activity was strongly diminished (Table 5) . Studies on the protection of the active centre of ACC N-MTase by ACC and malonyl-CoA in the presence of different PCMB concentrations are currently being carried out to delve into the reaction mechanism of ACC N-MTase. The ACC N-MTase activities of other sources proved stimulatory by some of the salts listed in Table 4 , particularly notable being the activity in the presence of K + and Co 2+ described by Benichou et al. (1995) , or the Cl~ in combination with Mg 2 " 1 " .
Once purified to homogeneity, the ACC N-MTase can be studied to ascertain whether it can recognize other D- Activities are given as percentages of control (K-phosphate buffer 0.1 M, pH 8.0, 2 mgml"' BSA). Enzyme (120 ^g of protein) from the phenyl-Sepharose step was used. amino acids of ACC. This aspect is of great importance in controlling the cellular ACC levels in the embryonic axis of chick-pea seeds, and thus of ethylene, during germination. In addition, the recent appearance of another ACC conjugate (GACC) produced by y-glutamyltransferase activity dependent on glutathione has aided us in determining the levels of both conjugates and their role in Cicer arietinum seed development.
